The guinea pig is unusual among experimental animals in that it reacts to feeding with cholesterol by an accelerated destruction of erythrocytes, splenic enlargement and hyperplasia of bone marrow (Okey & Greaves, 1939; Kennedy & Okey, 1947; Okey, 1944) . As a result, death usually occurs before any considerable atherosclerotic plaques are formed.
The possibility that the characteristic response of the guinea pig to cholesterol may result from changes in the lipid composition of the erythrocytes or their environment, or both, deserved investigation. The present paper reports fatty acid compositions of the lipid fractions from plasma, erythrocytes, livers and spleens of control and cholesterol-fed guinea pigs.
MATERIALS AND METHODS
Male and female guinea pigs, weighing 225-290 g. at 2-3 weeks of age, were used (Dependable Animal Supply Co., Martinez, Calif.). They were housed individually and fed ad libitum on a semi-synthetic diet similar to that used by Richie (1959) . For the first 2 weeks all were given the control diet, composed of the following (g./100 g. of diet): casein, 20; albumin, 10; cottonseed oil, 10; sucrose, 7; glucose, 6-8 (Cerelose from Corn Products, San Francisco, Calif.); dextrin, 20; cellophan spangles, 5 (from Rayon Processing Co., Pawtucket, R.I.); alfalfa meal, 5; agar, 5; salt mix, 4 (USP XIV; zinc carbonate was incorporated to give a concentration of 0-17% in the diet); magnesium oxide, 0 4; potassium acetate, 2; choline bitartrate, 0-36 (choline, 0-17); ascorbic acid, 0-2; inositol, 0-2; vitamin A mix, 2-0 [vitamin A mix contained (g./kg. of mix): vitamin A acetate, 0-3; viosterol, 0-2 (Nutritional Biochemical Corp.; 400000 USP units of vitamin D/g.); a-tocopherol, 1; cottonseed oil, 998]; vitamin B mix, 2-0 [vitamin B mix contained (g./kg. of mix): thiamine hydrochloride, 0-8; ascorbic acid, 25; riboflavin, 0-8; pyridoxine hydrochloride, 0-8; calcium pantothenate, 2; nicotinic acid, 10; biotin, 0-1; folic acid, 0-5; glucose, 960] . The fatty acid composition of the diet is shown in Table 1 . Analyses of the alfalfa meal and the agar showed that they contained 8-3 % and 4-4 % of ash respectively. These ashes were shown to contain less than 1% of magnesium (both) and 8-8% and 4.6% of calcium respectively. Thus their contributions to the calcium content of the diet were negligible (003 and 0-01% respectively). Diets were prepared by combining the dry ingredients and mixing them with the oils. This mixture was then combined with water (41./30 kg. of diet). The diets were pelleted and dried under a fan. At the end of 2 weeks, the animals were divided into control and cholesterol-fed groups, the diet of the latter differing from the former only by the addition of 1% of cholesterol at the expense of sucrose. Acceptability of the diet proved variable. To reduce mortality, small supplements of alfalfa meal and lettuce were given occasionally to some animals. Although the diet was pelleted, food intake could not be measured with any degree of accuracy. Of 44 animals started on the experiment, 30 survived the experimental period of 50-60 days. Of the 14 animals lost (two males and three females on the control diet; four males and five females on the cholesterol-containing diet), only four showed obvious signs of illness. The others died presumably because of failure to eat. Of the remaining 30 animals, five animals of each group were chosen for tissue analyses, on the basis of uniformity of weight gain, liver and spleen enlargements, and degree of anaemia.
The animals were starved for 20-22 hr. before being killed. After the animals were anaesthetized with sodium pentobarbital, blood was collected in a heparin-treated syringe by heart puncture and placed in an ice bath. Livers and spleens were removed, weighed and immediately homogenized in 95% (v/v) ethanol. The blood was centrifuged at 3-4°within 2 hr. of removal.
Each plasma sample was extracted with 10 vol. of 95% (v/v) ethanol at room temperature (each portion of ethanol contained 1 mg. of quinol). The solution was decanted after standing at least 4 hr. in the dark. The residue was then extracted twice, each time with 10 vol. of 95 % (v/v) ethanol-ether (3:1, v/v) . The combined extracts were evaporated in vacuo in a rotary evaporator to a volume of about 1 ml. The external water-bath temperature was maintained at less than 550 during this process. The material left in the flask was extracted with light petroleum and stored at -170 until analyses could be performed.
After the plasma and the buffy coat were removed, the erythrocytes were gently washed with an equal volume of 0-85% sodium chloride and centrifuged. After a second wash with 0-85% sodium chloride, the cells were haemolysed by adding 0-25 vol. of water and stirring for 10 min. Extractions of the lipids were the same as that for plasma. The liver and spleen homogenates were extracted first with ethanol, then with ether (Okey, Shannon, Tinoco, Ostwald & Miljanich, 1961) .
The lipids were separated into four fractions on silicic acid columns as described in previous reports from this Laboratory Lis, Tinoco & Okey, 1961) . The fractions were: (1) cholesterol ester; (2) triglyceride; (3) unesterified cholesterol, monoglycerides and diglycerides; (4) phospholipids. The fatty acid composition of the individual fractions was determined by gas-liquid chromatography of their methyl esters (Wilkins Aerograph with thermal-conductivity detector: columns were 5 ft. coiled stainless-steel columns, packed with diethylene glycol polyester on Chromasorb W; the operating temperature was 190-200°). Methylation was accomplished by controlled heating with 1% (v/v) sulphuric acid and methanol.
The fatty acids were identified by comparing their retention times with those of known fatty acids plotted as number of carbon atoms/molecule versus the logarithm of the retention time (Woodford & van Gent, 1960) . The lesscommon fatty acids found in these tissues were identified by rechromatography after hydrogenation of the sample (Burchfield & Storrs, 1962; Farquhar, Insull, Rosen, Stoffel & Ahrens, 1959) . This method provided a tentative identification sufficient for the present purposes.
Cholesterol was determined by the method of Sperry & Webb (1950) , with the modifications described by Okey & Lyman (1957) . Total lipids were determined by the method of Bloor (1928) , and phosphorus was determined by the method of Sumner (1944) . All analyses were performed on the tissues and blood of individual animals. Statistical comparisons of the results were made by t test as described by Snedecor (1957) .
Erythrocytes were counted periodically on blood drawn from an ear vein and also at the time of autopsy. The blood was diluted with Hayen's solution and counted in a Bright-Line improved Neubauer counting chamber (0 1 mm.).
RESULTS

Gro88 effects offeeding cholesterol
Results for weight gains of the animals, size of organs, erythrocyte counts and packed-cell volumes are summarized in Table 2 . Results for individual animals showed that anaemia developed first in those that ate the cholesterol diet most readily. As observed previously (Okey & Greaves, 1939; Okey, 1944) , the control animals grew better than did those given cholesterol. Livers and spleens of the cholesterol-fed guinea pigs were grossly enlarged. Livers were not only fatty and friable but also occasionally showed small necrotic areas under gross examination. Microscopic examination of such livers had previously shown fat infiltration and cell destruction (Okey & Greaves, 1939 (Ponder, 1947; Behrendt, 1957; Reed, The total erythrocyte lipid contents, as calculated from the sum of cholesterol and phospholipids, were about 400 mg. and 900 mg./100 ml. for the control and the cholesterol-fed guinea pigs respectively.
Spleens. The results are given as means +.S.E.M. for each of the two groups of t.n animals. Means for each sex were similar in most cases and are pooled for this presentation. 'Trace' indicates that small amounts had been found in only a minority of the animals of the group. Total lipid and triglycerides of plasma and erythrocytes were not determined. The total lipid of livers was determined on the original extract, that of spleens was calculated as the sum of thetotal fatty acids and total cholesterol. The total cholesterol of plasma, spleen anderythrocyteswasdetermined on the original extract, and that of liver was calculated as the sum of cholesterol ester and unesterified cholesterol. The phospholipid of plasma, spleen and erythrocytes was calculated from the phosphorus determination on the original extract, and that of liver was determined as lipid in the separated phospholipid fraction. Triglycerides of livers and spleens were calculated from the amount of total fatty acids found in fraction II of the silicic acid-column separation procedure. The values for total lipid and for triglycerides are in terms of g./100 g. fresh wt. The values for total cholesterol, cholesterol ester, free cholesterol and phospholipids are in terms of mg./100 g. fresh wt. for liver and spleen and mg./100 ml. for plasma and erythrocytes. Spleen lipids, particularly those of anaemic guinea pigs, are mixtures originating not only from splenic tissue as such but also from plasma and from the large numbers of blood cells in all stages of maturation and destruction found in spleens.
The significance of the lipid composition of this organ is therefore difficult to assess.
Fatty acid composition of lipids Cholesterol ester fatty acids (Table 4 ). The cholesterol ester fatty acids of guinea-pig livers were characterized by the virtual absence of arachidonic acid. Their fatty acids were largely palmitic acid and linoleic acid. Small amounts of the following acids were also present: C15: , C17:O C20:1 C20:2 and C20:3 (where, for C,. v, x is the number of carbon atoms/molecule and y is the number of double bonds/molecule). Feeding with cholesterol increased the concentration of the unsaturated acids linoleic acid and oleic acid at the expense of the saturated acids palmitic acid and stearic acid (P < 0-01-0-05).
Plasma cholesterol esters contained 65 % of inoleic acid and 16 % of palmitic acid. Small amounts of arachidonic acid and other fatty acids were also present. Feeding with cholesterol decreased-the linoleic acid content of plasma cholesterol esters by 15 %, in contrast with a small ncrease observed in liver.
The amount of cholesterol esters in erythrocytes was too small to allow reliable determination of the fatty acid composition. The cholesterol esters of spleens of control guinea pigs contained about 25 % each of palmitic acid and linoleic acid. In contrast with both livers and plasma, these cholesterol esters contained a greater variety of fatty acids, including arachidonic acid. The presence of 15 % of palmitoleic acid in the males was unexpected. Feeding with cholesterol doubled the percentage of linoleic acid and of what was either a C20:3 acid or a C20:2 acid. Because of the increase of the cholesterol ester concentration and the enlargement of the spleens, the amount of linoleic acid in spleen cholesterol esters increased 500-fold in males and 100-fold in females. These increases were accompanied by striking decreases in the percentages of palmitoleic acid in the male and of arachidonic acid in the female guinea pig.
Triglyceride fatty acids (Table 5 ). Liver triglycerides contained about 60 % of linoleic acid and 20 % each of palmitic acid and oleic acid. Arachidonic acid was absent. Feeding with cholesterol had relatively little effect on the composition of this lipid fraction.
The plasma triglycerides were similar to those of livers in fatty acid composition, and showed similarly small responses to feeding with cholesterol. 21-7 ±0-3
9-5±0-6
15-4±0-7 36-0±1-9
The triglyceride fraction of erythrocytes was too small to allow reliable analyses. The major constituents of spleen triglycerides were 40 % of linoleic acid and 20% of palmitic acid. Feeding with cholesterol produced a notable increase in the concentration of the unusual long-chain unsaturated pair of isomeric C20:3 acids (one of those may have been a C20:2 acid) and a C22:4 acid.
A mixture of unesterified cholesterol, unesterified fatty acids, monoglycerides and diglycerides, which was isolated as 'fraction III' by our analytical procedure, represented a small proportion of the lipids in the tissues investigated.
Phospholipidfatty acid8 (Table 6 ). The main components of liver phospholipids were 45 % of linoleic acid and 30 % of stearic acid. About 8 % of arachidonic acid was also present. Feeding with cholesterol did not appreciably alter the composition. Normal guinea-pig-plasma phospholipids had a fatty acid composition similar to that of liver phospholipid. Feeding with cholesterol did not change this appreciably. In spite of the proportionately small decrease in the concentration of linoleic acid, the increased amount of this fraction represents a large rise in the absolute amounts of linoleic acid in the blood of the cholesterol-fed guinea pig.
The outstanding difference between the fatty acid composition of the erythrocyte phospholipids of the guinea pig, as compared with that of their livers and plasma, was the high arachidonic acid content of about 25 %. Relatively high concentrations of higher unsaturated fatty acids were found in the erythrocyte phospholipids, especially of a a2: acid that occurred at a concentration of 5 % in females and 10% in males. Feeding with cholesterol produced a rise in the proportion of arachidonic acid and of one of the C20.8 acids (P < 0-01), which was compensated by a decrease in the concentration of the saturated fatty acids and the C22.4 acid (P < 0-01). The spleen phospholipids of normal guinea pigs contained smaller proportions of arachidonic acid and greater proportions of linoleic acid than did those of the erythrocytes. Appreciable amounts of C20:3 acid and C22:4 acid were also present. A possibly significant difference between the fatty acid composition of phospholipids of livers, plasma and erythrocytes, on the one hand, and of spleens on the other, was the difference in the ratio of stearic acid to palmitic acid. This ratio was 1 or less in spleen phospholipids, but 2 or more in those of the other three tissues. This might indicate a difference in the composition with respect to phospholipid classes. In contrast with the response of erythrocytes, the composition of spleen phospholipids was not changed by feeding with cholesterol. The tenfold increase of spleen weights, however, resulted in a large accumulation of both linoleic acid and arachidonic acid. literature (Kennedy & Okey, 1947; Okey, 1944.) Some authors (Marble, Grafflin & Smith, 1940; Handler, 1949) reported lower values although the ratio of phospholipids to total cholesterol was similar to that obtained by us. The discrepancies are very likely the results of differences in the diets used. The one paper on fatty acid composition of " guinea-pig livers (Bieri, Pollard & Reid, 1957) -H reported, as we do, a very high content of dienoic 00 p, acids and a low content of tetraenoic acids. Relation8hip of cholesterol intake, compo8ition of ti88ue lipid8 and anaemia As shown previously (Okey & Greaves, 1939; Okey, 1944) , the anaemia produced by feeding cholesterol to guinea pigs was of the macrocytic or normocytic, normochromic, haemolytic type, with increased numbers of reticulocytes in the blood, a decreased half-life, increased fragility of erythrocytes, and much accelerated activity of the hypertrophic bone marrow and enlarged spleen. The hyperplastic spleen has been shown not to be directly responsible for the anaemia (Kennedy & Okey, 1947) .
It is not known to what extent the erythrocytes of the cholesterol-fed guinea pigs were formed with defective membranes and to what extent they became defective as a result of changes in the plasma. A recent report on a cross-transfusion experiment with anaemic-rabbit erythrocytes (Pinter & Bailey, 1961) indicated that, in this case, the erythrocytes had a low resistance to haemolysis even in normal plasma. The 'environment' of the erythrocytes in our experiment, on the other hand, was different for the cholesterol-fed than for the normal animals. In addition to the changes in lipid composition of the plasma, hormonal changes might be expected to have taken place, particularly in view of the fact that adrenal hypertrophy and changes in the adrenal-lipid composition have been observed by us (Ostwald, Shannon, Miljanich & Lyman, 1964) .
Apparently the composition of lipids in the blood must remain reasonably constant to ensure their normal transport and metabolism. It has been shown, for instance, that in essential-fatty acid- (Alfin-Slater, Aftergood, Wells & Deuel, 1954) and that abnormal cholesterol esters are formed and deposited in tissues (Sinclair, 1956) . Conversely, the need to transport additional cholesterol has been shown to increase the essential-fatty acid requirement of cholesterol-fed rats (Peifer & Holman, 1955) . Also, the rate of arachidonic acid synthesis in the livers of such rats appears to be insufficient to maintain its normal concentration in liver and in cholesterol esters in the blood even though its total amount is greater than in rats. given a diet without cholesterol ; Morin, Bernick, Mead & Alfin-Slater, 1962) . The hypothesis that polyunsaturated fatty acids facilitate cholesterol transport and consequently prevent its pathological accumulation in tissue has been advanced (Sinclair, 1956; Holman, 1958 (Dinning, 1962) (Nishida & Kulmmerow, 1960) may also be relevant in this connexion.
That phospholipids constitute an integral part of cell membranes seems well established, and that their qualitative and quantitative make-up have some influence on the permeability of the cells has been suggested (Rapoport, Gerischer-Mothes & Nieradt, 1955; Turner, 1957; Turner, Anderson & Gondal, 1958; Dawson, Hemington & Lindsay, 1960) . KEgl, de Gier, Mulder & Van Deenen (1960) found that, in a number of animal species, the ratio of palhitic acid to oleic acid in the erythrocyte membranes decreased in the same order as did their permeability as measured by haemolysis times. In our guinea pigs this ratio was somewhat smaller (1.1) in the erythrocytes of the cholesterolfed animnals than in those of the controls (1.6). It is known that cholesterol forms associations with phospholipids (Vandenheuvel, 1962) , It is conceivable that the structure of the erythrocyte membrane is changed by increased amounts of such molecules due to the large increase of cholesterol in the erythrocytes of the cholesterol-fed guinea pigs.
One of the important functions of essential fatty acids appears to be in the construction of phospholipids of membranes, and essential-fatty acid deficiency has been shown to lead to erythrocyte fragility (King, 1960) . By analogy with reports on the fatty acid composition of erythrocytes of fatdeficient monkeys (Fitch, Dinning, Witting & Horwitt, 1961) and rats (Witting, Harvey, Century & Horwitt, 1961) , the appearance of two isomeric C20:8 acids might be expected. The increase of at least one of these isomers in the lipids of the erythrocytes and spleens from the cholesterol-fed guinea pigs (P < 0-01-0.05) might be interpreted as a sign of a relative or marginal essential-fatty acid deficiency in these tissues in response to the need to cope with additional cholesterol (Holhnan, 1958; Witting et al. 1961 ). The present analyses were performed on the portion of the erythrocytes that was tough enough to survive; the composition of the more-damaged and consequently lysed cells is unknown. Also, because of the anaemia, the cells we examined probably represented a youngerthan-normal population with the possibility of a lipid composition different from the normal. SUMMARY 1. Groups of male and female guinea pigs were given a semi-synthetic diet, with or without 1 % of cholesterol, for 50-60 days. The cholesterol-fed animals developed enlarged and fatty livers, very large spleens and haemolytic anaemia.
2. Feeding with cholesterol produced not only a large increase in the cholesterol ester fraction of livers, plasma and spleens but also an increase in unesterified cholesterol. The erythrocytes responded to feeding with cholesterol by a threefold increase in their cholesterol and phospholipid contents.
3. The phospholipids of the spleens and particularly of the erythrocytes had a high arachidonic acid content which further increased in the choleVol. 91 153 sterol-fed animals. The cholesterol esters and phospholipids of livers and plasma and the cholesterol esters of spleens had, on the other hand, a characteristically low arachidonic acid content but a high linoleic acid content. 4. The results suggested that, in the guinea pig, the rate of arachidonic acid formation, or the rate of cholesterol esterification, or both, was not sufficient to maintain a normal tissue-lipid composition when cholesterol was added in the diet.
5. Some possibilities for the mechanism of the development of the anaemia observed in the cholesterol-fed guinea pigs are discussed.
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